Bubble Chambers in High-Energy Hadron-Collisions (and Vice-Versa) by Kittel, W.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/26848
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
Nuclear Physics B (Proc. Suppl.) 36 (1994) 297-322  
North-Holland
PR O C EED IN G S
SU PPLEM EN TS
Bubble chambers in high energy hadron collisions (and vice versa)
W. Kittel
Dept. Exp. High Energy Physics, Univ. of Nijmegen,
Toemooiveld 1,6525 ED Nijmegen, The Netherlands
The contribution of bubble chambers to the field of high energy hadron collisions during the last 20 years is reviewed and 
results are compared to those from other types of collisions and to expectations from models based on the quark-parton content 
of the respective hadrons.
1. INTRODUCTION
The amount of data accumulated in bubble chamber 
or hybrid experiments (using a bubble chamber as 
an active vertex detector) on high energy hadronic 
collisions is truely overwhelming.
Table 1 gives a list of experiments performed on 
hydrogen in Mirabelle, BEBC, theFNAL 15’ and 30” 
chambers, as well as in the European Hybrid Spec­
trometer, covering beam momenta between 32 and400 
GeV/c. In addition to the experiments given, a num­
ber of experiments have been performed on heavier 
targets, as in deuterium filled chambers or on metallic 
foils placed inside the chamber. I refer to the talk of 
W. Walker at this conference to some interesting re­
sults obtained from those. For lower energies I refer 
to the review by N. Schmitz.
The runs have taken place between 10 and 20 years 
ago and most experiments are completed. One ex­
ception is the EHS experiment NA22 with an 500k 
picture exposure in the Rapid Cycling Bubble Cham­
ber of Rutherford Lab, which is still being actively 
exploited. Since high energy pp and pp collisions 
have been studied in detail and with high statistics 
and accuracy at the ISR, the CERN Collider and the 
Tevatron, the emphasis of this report will be on infor­
mation extracted from meson-proton collisions most 
extensively studied in bubble chambers.
The twenty years since the first runs at lab momenta 
above 30 GeV/c are historical by now, but the field 
is far from closed. Rather than attempting an exact 
historical approach, I, therefore, try to report on the 
collective insight we have gained from these 20 years, 
of some relevance for a future understanding of soft 
hadronic collisions. By definition, this will favour the 
later experiments over the earlier ones, even though 
most of the observations could not have been made
without a compilation of all of them.
For reference to the earlier work I have to refer to 
the references given in the more recent papers quoted 
here. For the results from the 30" chamber already 
showing many of the global features of multiparticle 
production, I refer to excellent reviews [1],
2. ELASTIC SCATTERING AND DIFFRAC­
TION
2.1. Elastic Meson-Proton scattering
Bubble chambers are built for more complicated 
reactions than elastic scattering. In Fig, 1, we demon­
strate, however, on the squared energy s dependence 
of the cross section for elastic ir+p and K +p scattering
[2] that bubble chambers not only support the results 
obtained from dedicated counter experiments, but also 
supply the highest energy points (s=470 GeV2) [3] 
for these reactions. A similar statement can be made 
about the second important parameter of elastic scat­
tering, the slope B of the squared four-momentum t 
dependence (not shown here). Also for this parameter 
the highest energy ir+p and K+p  points establish­
ing shrinkage in these reactions come from a bubble 
chamber experiment [3],
From the combined data of Fig. 1, one can observe 
a constant cross section for x+p and an increasing 
cross section for K +p elastic scattering above s & 
50 GeV2. For the purpose of the present report we 
shall use this limitas a definition of high energy, thus 
covering all experiments quoted in Table 1.
At the highest energy (x/s=22 GeV), the ra­
tio o-ei/a-tot is only 0.136=b0.004 for 7r+p and
0.136=L0.005 for K +p collisions [3], In this paper, 
we shall be concerned with the larger fraction of the 
cross section, the inelastic and, in particular, multipar­
ticle production.
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Table 1. High energy bubble chamber experiments on 
hadronic collisions on protons with beam momentum 
P l a b  > 30 GeV/c.
experiments beam Pl a b
(GeV/c)
Mirabelle
K +
P
+
7T (“)
P
32
32
32
32,50
32,69
BEBC
WA26 i f - 70
WA27 K+ 70
WA28 K ~ 110
FNAL 15’
E341 P 400
E343 V 300
FNAL 30" (hybrid)
E2B P
71*“
ir+
200,300
100,200
100
E37A P 300
E121A P 100,200,300,400
E125 7T“ 100
E137 7T~ 200
E138 P 400
E141A P 200
E143A 7T~ 300
El 54 7r “ 150
E217 ir+ 100,200
E228 7T+ / p 60
E252 p 100
E281 1C~ 360
E299 K + / k+I p 150
E311 P 100
E344 P 50
E570 K + / 7T* Ip 200
E597 *~/Gp) 100,360
JT+/t+ Ip 100
EHS (hybrid)
NA16 tr~/jp 360
NA22 ir+/K + /p 250
NA23 P 360
NA27 TC~
P
360
400
s, (GeV)
Figure 1. Cross section for elastic ir+p and K+p  
scattering as a function of the squared cms energy s 
[2].
2.2♦ (Meson) diffraction
Hadronic excitation of the quark-diquark system 
has been studied in proton dissociation at the ISR [4] 
and the Collider [5], but also in the EHS experiment 
NA23 [6]. Elongation of the diffractively produced 
system has been observed along the pomeron-proton 
direction and similarities are reported to deep inelastic 
lepton-proton scattering,
Hadronic excitation of the simpler qq system needs 
to be studied in meson-proton collisions and can be 
compared to qq excitation in e+e“ annihilation. The 
disadvantage of the relatively low excitation energy 
available in meson diffraction is partially compen­
sated by an increased rapidity range for pions and 
by the existence of very differential data from bubble 
chambers.
Diffraction dissociation has been extensively stud­
ied in exclusive four- and six-particle final states, dom-
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Figure 2. Cross section for four- and six-particle final 
states in 7r+p and K+p  collisions as a function of cms 
energy [7].
inated by this mechanism at high energies. Fig. 2 
shows a compilation of the cross section for these 
final states in n+p and K+p  collisions ([6] and ref­
erences therein) as a function of yfs . Contrary to the 
elastic cross section of Fig. 1, no evidence for a con­
stant, let alone increasing, cross section is found up 
to the highest available energy. For each final-state 
multiplicity, a sharp rise is observed above threshold 
with a slow power-law decrease for higher energies. A 
more constant behavior is, therefore, observed for in­
clusive diffraction, where all final state multiplicities 
are considered simultaneously.
The thrust T  distribution of diffractively produced 
inclusive meson systems is compared to the expecta­
tions from an isotropic-fireball model (dashed) and an 
elongated-çg-fragmentation model (full line) in Fig.3a 
and to that of e+e“ annihilation of similar effective 
mass in Fig. 3b [8]. From Fig. 3a one can conclude
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Figure 3. a) Thrust distribution of the diffractively 
excited n+ and K+ system compared to LUND (full 
line) and Fireball (dashed) Monte Carlo models; b) 
same, but compared to e+e~ —► hadrons at 7.7 GeV 
[8].
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Figure 4. Average charge multiplicity of meson and 
proton diffraction as a function a) of the diffractive 
mass M d and b) the available energy Ea. The lines 
are fits of polynomials quadratic in In M q and In E a , 
respectively [8].
that the meson system (as the proton system at the 
collider) is elongated along the pomeron-meson di­
rection and in agreement with what is expected from 
quark-antiquarkfragmentation. Fig. 3b shows that the
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Figure 5. Energy dependence of the average charge multiplicity of meson diffraction compared to e+e data and 
that of proton diffraction compared to lepton-hadron data [8].
diffractively excited meson (tt+ and K+) indeed leads 
to the same thrust distribution as the (gg) pair excited 
bye+e~ annihilation.
That the above observation is not completely trivial 
can be deduced from a comparison of the average 
multiplicity (n D ) of charged particles produced in 
meson and proton diffraction dissociation [8]. This 
is shown in Fig. 4a as a function of the mass Mu  
of the diffractively produced system and Fig. 4b as 
a function of the available energy E a =  M b  -  m, 
with m  being the mass of the corresponding incident 
particle. In both cases, (nD) is considerably higher 
for meson than for proton diffraction dissociation.
However, comparing the average charge multiplic­
ity of meson diffraction to that of e+e” annihilation 
and that of proton diffraction to that of Pp and ßp 
collisions in Fig. 5, startling agreement is observed. 
Indeed, the differences between proton and meson 
diffraction dissociation are larger than the differences 
between different types of collision!
Of course, a bubble chamber experiment allows 
more differential investigation, as particle flow or 
charge and strangeness flow, to support a possible 
quark-based interpretation. These topics are still un­
der investigation.
3. SINGLE PARTICLE (AND RESONANCE) IN­
CLUSIVE SPECTRA 
3,1* Feynman-® and rapidity
Elastic scattering and diffraction dissociation lead 
to simple final states with relatively few particles. The 
larger part of the collisions leads to high particle mul­
tiplicities with complicated structure in highly dimen­
sional phase space. The first and simplest approach 
is then to study an all-inclusive density distribution in 
one of these dimensions.
Fig. 6a shows a compilation ([9] and references 
therein) of the energy dependence of the invariant dis­
tribution in the Feynman variable x =  pjj / p ^ ax, the 
component of the particle cms momentum in the beam 
direction, normalized to its maximum possible value, 
in K+p  collisions. The upper part corresponds to pos­
itive particles except identified protons, the lower part 
to 7T~ -production. The large-1 x | region shows energy 
scaling [10] and a fall-off of the distribution towards 
its tails which is steeper for the proton region (large 
negative ac) than for the K+ region (large positive
a). A scaling violation is, however, observed for the 
low-1 a; I (central) region.
An alternative variable, expanding the central re-
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Figureó. a) The invariant Feynman-æ distribution for the inclusive reactions K+p  —» C + + X  and K+p  —► tt + X  
between 8.2 and 250 GeV/c; b) The rapidity distribution for the same reactions between 12.7 and 250 GeV/c [9].
gion, is the rapidity y  =  0.51n[(£? -f P\\)/($ ~  P||)]. 
The energy dependence for the cms y-distribution for 
essentially the same data as above is shown in Fig. 6b. 
The distribution widens with increasing energy and 
the density increases for all y. In the center, a plateau 
develops a high energies, reaching a width of about 3 
rapidity units at 250 GeV/c.
3.2. Resonances 
About 50% of the pions shown in Fig. 6 come from 
vector mesons and also tensor mesons and baryon res­
onances are not negligible as pion sources. So, more 
direct information on a production mechanism can be 
expected from the study of resonances. This is no 
problem in a bubble chamber experiment, since all 
the information is on the data tapes. The invariant x 
distribution ƒ (x) for three typical inclusive resonance 
reactions is shown in Fig. 7 for 32 to 250 GeV/c ([11] 
and references therein). In all cases, scaling is ob­
served for f ( x )  for all x . From the K+ beam, p° is 
mainly produced in the central region, K*° and 0 in
the forward region. So, the strange quark of the beam 
plays a role in forward K*° and </> production, but does 
not contribute to the p°. Since $  needs an 5-quark in 
addition to the s from the beam, an 55-pair has to be 
created in the “sea". The suppression A of strange to 
non-strange creation can, therefore, be obtained from 
the K*°/<f> ratio.
3,3. Dimensional counting 
Inspired by the slope of the x -distributions at large 
negative a, as e.g. in Figs, 6a and 7 and in deep 
inelastic scattering, Gunion [12] suggested to apply 
dimensional counting rules also in hadronic particle 
production at large \x\. According to these,
f h~*h* (x) oc (1 — x)n with  (1)
n =  2n# 4* npL “  1 » (2)
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Figure 9. The power ra of the (1 — ja:|)n parametriza- 
tion of the invariant single-particle inclusive cross 
section, compared to the dimensional counting rules 
(lines). The broken lines are corrected for the sup­
pression of d-quarks in the proton structure function
[13].
where n #  is the number of passive spectator quarks in 
the collision and npL the number of spectators taking 
part in point-like creation of additionally necessary 
partons. As an example, proton production from a tt+ 
beam is shown in Fig. 8. A correction also needed in 
deep inelastic scattering is an extra suppression of the 
d-quark in the proton structure function.
In Fig. 9, a compilation [13] is given of the power n 
for a large number of reactions in meson fragmentation 
(left) and baryon fragmentation (right). In general,
the trend of the counting rules (lines) is reproduced 
by the data. Interesting exceptions exist in particular 
for strange and charmed particle production, which 
is harder than expected from dimensional counting. 
Obviously, even these exceptions give support to the 
rule, since flavour effects are expected and heavier 
quarks should indeed lead to harder spectra.
So, considering the very rough approximations, the 
rule seems to work in soft hadronic collisions. But 
why? It should only work for hard collisions, and 
there is no large transverse momentum transfer in-
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volved here. As already suggested by the similarity 
of the diffractively produced hadron system to that 
produced in e+e~ annihilation or deep inelastic scat­
tering, sufficiently large Q2 seems to be built up during 
the collision in the longitudinal direction, This situ­
ation has some similarity to the large Q2 needed to 
produce heavy resonances in quasi-two-particle pro­
duction, even at zero production angle.
4. JET UNIVERSALITY
A third very important experimental observation 
is that the criteria usually accepted to define jets in 
or lepton-hadron collisions are also observed to 
hold for hadron-hadron collisions at low p r . As an 
example, the decrease in average sphericity (S) with 
increasing energy, generally interpreted as evidence 
for jet production, is not only a feature of reactions 
in which single quark effects are expected to domi­
nate, but also a feature of low pr  hadron-hadron col­
lisions. As is shown in Fig. 10, the average shape of 
the hadronic system is the same in all three types of 
collision at given hadronic energy [13], as is its quite 
dramatic change with energy. Of course, a higher 
energy hadronic point would be needed to see where 
flattening-off takes place, there.
The energy dependence of the shape of the spheric­
ity distribution itself [14-17] is shown in Fig, 11. As 
for e+ e~ collisions, one observes a change from a dip 
at S = 0 at low energy to a sharp peak at S  =  0 at 
higher energies. Very good agreement is observed 
between the S  distribution in K ~ p  at 110 GeV/c 
0v/ï=14.8 GeV) with the PLUTO result at 17 GeV 
and the K+p  data at 70 GeV/c (^*=11.5 GeV) with 
the TASSO distributionat 13 GeV (for the curves LPS 
and FF see below).
The normalized 70 GeV/c K+p  rapidity distribu­
tion, evaluated with respect to the thrust axis [15], is 
compared to e+e~ results at 13 GeV/c inFig. 12a). At 
similar energies, the two rapidity distributions agree 
remarkably well and it can be expected from the insert 
(and from earlier results on hadronic rapidity plateaus) 
that hadron-hadron and e+e~ data show a similar 
In v'* increase of the plateau height at the same en­
ergy!
Even the normalized pj , distributions relative to 
the sphericity axis (Fig. 12b) show agreement at 13 
GeV/c. There may be a small indication of a larger
0,4
0.3
CO
V *
0.2
O.l
0
Figure 10. Average sphericity as a function of 
hadronic energy in e+e~ (o), i>N{A) and hadron- 
hadron (•) collisions [13].
cross section in the high pr  tail for the e+e~ results, 
but this can be understood from the higher e+e~ en­
ergy. From these energies upwards, the tail of the 
e+e“ distribution shows a considerable increase, gen­
erally interpreted as evidence for gluon jets. We shall 
come back to this question in Sect, 6.
The conclusion of jet universality up to about 15 
GeV is further supported from a comparison of the 
energy dependence of the average charge multiplicity 
(n), as well as of the average transverse and longitudi­
nal momentum {pr ) and (p\\ ) relative to the thrus t axis 
(Fig. 12c). Again, the hp and e+e~ data have essen­
tially the same values and the same energy behavior. 
In particular, the rise in (pr) with E c u ,  felt to be 
a characteristic feature of single quark jets, is in fact 
also a feature of hadronic low p? particle production.
At this stage, we may wonder whether the agree­
ment between the e+e' , lepton-hadron and hadron-
IO 20 
V s (GeV)
30
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hadron data is simply due to kinematics, or has a more 
fundamental dynamical origin. In [15] the spheric­
ity, thrust, spherocity and other distributions are com­
pared to mere longitudinal phase space (LPS) [18] 
and to the Field and Feynman (FF) parametrization 
[19] of quark-parton jets. In all cases, both the FF 
parametrization as well as LPS more or less describe 
the data (see e.g. Fig. l ib  for sphericity). Further­
more, for hadronic reactions one finds that the spheric­
ity, thrust and spherocity axes agree with the beam 
direction. One may conclude that
(i) FF very closely resembles longitudinal phase 
space,
(ii) jet universality up to meson-proton cms energies 
of about 15 GeV turns out to reduce to the equal pr
distributions shown here and to equal average multi­
plicities (apart from trivial corrections) shown in Fig, 4 
for diffraction and to be discussed in Sect. 7 in more 
detail. The rest follows from independent emission 
and conservation laws.
The important point is, that this holds equally well 
for hadronic, deep inelastic and e+ e“ hadron produc­
tion at these energies.
5. LOW pr  MODELS
Three basic observations reported in Sects. 3 and 4 
are:
1. Resonance and particle yields in central and 
fragmentation regions can be understood from quark
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combinatorics.
2. Resonance and particle production in the pro­
ton fragmentation region seems to reflect the valence 
quark distribution in the proton as observed in deep 
inelastic scattering.
3. Hadron production in hh  collisions resembles
thatin e+e~ annihilation and deep inelastic scattering.
A number of models have been developed on the 
basis of these observations. Roughly, they can be 
grouped into recombination models (emphasizing ob­
servations 1 and 2) and fragmentation models (em­
phasizing observations 1 and 3).
5.1. Recombination models and meson structure 
functions
The main idea of the recombination model [20] is 
that a fast produced meson containing one of the va­
lence quarks of the initial hadron has a longitudinal 
momentum spectrum largely determined by the mo­
mentum carried by this quark before the collision. 
This model supplements earlier ideas of quark com­
binatorics in the fragmentation region by defining the 
shape of the x distribution for "favoured” fragmenta­
tion processes.
The recombination picture can, therefore, be used 
to determine the valence quark distribution in mesons 
[21], for which no direct information from deep in-
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elastic lepton interactions exists. For a pion it follows 
from charge conjugation and isospin invariance that 
the quark distribution function is the same for both 
valence quarks. A value of n  =  1.0 ±  0.1 has been 
obtained for the power of the (1 -  x) dependence of 
the pion structure function. For a kaon, the situation 
is expected to be non-symmetric. The power n is in­
deed found to be larger than unity for the non-strange 
valence quark in the kaon, while it turns out smaller 
than unity for the strange valence quark. These results 
are compatible with those extracted via the Drell-Yan 
model from /x-pair production [22]. One can conclude 
that meson valence quarks are harder than those in the 
nucleon and that strange valence quarks are harder 
than non-strange ones.
The most advanced recombination approach doing 
away with the arbitrariness of the Q2 value to be used 
in soft hadronic collisions is the valon model [23]. Af­
ter evaluation of the parameters at an “effective" Q2 
in proton fragmentation and a consistency check with 
the results from deep inelastic scattering for these, 
the valon model can be used to actually extract the 
kaon structure functions from low -pr K °  production 
in K+p  collisions [24]. The only free parameter (es­
sentially the power n of the strange valence-quark 
distribution) is determined from the x -dependence of 
K °  production. The quark distribution functions ob­
tained for the strange and non-strange valence quarks, 
as well as for the sea-quarks, are given in Fig.13. In­
deed, the strange quark in the K + is much harder than 
the ti-quark.
5.2. Fragmentation models 
Alternatively, observations 1 and 3 are used in 
quark-fragmentation models for particle production
in hadronic collisions [25]. There, one of the hadron ’s 
valence quarks or antiquarks, carrying a relatively 
small fraction of the total momentum, interacts with 
a quark from the other hadron. The hadron remain­
der, carrying must of the initial momentum, fragments 
into final-state hadrons according to the fragmentation 
function of quarks excited in e+e~ or lepton-hadron 
collisions. The latter can be described by [19] or, more 
recently, by semi-classical strings (or color flux-tubes) 
stretched between the excited quarks [26].
The string model is particularly successful in e+e 
collisions, where the string is stretched between the 
excited qq pair. In hadronic collisions, many quarks
are involved and it is less clear between which of them 
the strings are to be stretched.
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Figure 13. The quark distribution functions in the K+
[24].
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Figure 14. Quark diagrams for the a) single-chain 
LUND model, b) FRITIOF and c) double chain DPM.
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Figure 15. The invariant x and y distributions for positive particle (except identified protons) and tt production in 
7T+p at 250 GeV/c. Solid, dashed and dash-dotted lines are DPM, LUND and FRITIOF predictions, respectively
[9].
The most simple assumption (we shall refer to this 
as LUND model) is a single string (or chain) between 
the fast forward remainder and the fast backward re­
mainder, with the slow interacting quarks added in 
arbitrarily (Fig. 14a). Other possibilities are chains 
between excited quarks of the same primary hadron 
(FRITIOF [27], Fig. 14b) or between quarks of the two 
different primary hadrons (two-chain version of the 
dual parton model DPM [28], Fig.l4c). Furthermore, 
in DPM chains can be spanned between sea-quarks. 
As a special case of such a multi-chain model, we shall 
use the quark-gluon string model QGSM [29]. All 
these models exist in Monte Carlo versions and use 
fragmentation with parameters obtained from e+ e~ 
annihilation. DPM and FRITIOF, in addition, allow
for a primordial transverse momentum of the quarks 
inside the primary hadrons, FRITIOF also for hard 
parton scattering, gluon radiation and diffraction dis­
sociation.
The invariant x and y distributions for charged par­
ticle production in collisions at 250 GeV/c [9] 
are compared to the LUND, FRITIOF and two-chain 
DPM predictions in Fig. 15. The two-chain models 
FRITIOF and DPM describe the singleparticle spectra 
very well, DPM of course except for diffraction disso­
ciation leading to Iarge-æ production. The single 
chain of LUND fails to produce enough particles in 
the central region.
In Fig. 16a, resonance production at 250 GeV/c 
[11] is compared to the predictions from DPM and
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Figure 16. a) Feynman-æ dependence of p°, K*° and <j> production in K+p  at 250 GeV/c and b) ^-dependence of 
p°, K*° and K*° production in K+p  collisions, compared to the predictions from DPM (full lines) and FRITIOF 
(dot-dashed) [11].
FRITIOF, In the fragmentation regions both models 
describe the data very well, but p° production is over­
estimated in the central region (mind the logarithmic 
scale). A similar effect is seen in deep inelastic \l- 
scattering [30] and in collisions on nuclei [31], It is 
shown more dramatically by means of the energy de­
pendence in Fig. 16b, where both models predict too 
fast an increase of p° production.
In spite of the large successes of the models, we 
shall concentrate in the following on interesting fail­
ures, with the aim to search for possible improvement 
of the models and to point to future need for more 
refined data.
6, THE SEA-GULL LIFTING ITS WINGS
6.1. Transverse momentum spectrum
The transverse momentum distribution is shown for 
charged particle production in 250 GeV/c tx+p and 
K+p  collisions and compared to its parametrization 
in LUND (dashed), DPM (full) and FRITIOF (dot- 
dashed) in Fig. 17a [9], At small values of p? it is 
well described by the assumed gaussian form of the p r 
dependence of the fragmentation function. At larger 
pr  only FRITIOF (allowing for hard parton scattering 
and gluon radiation) is flexible enough to account for 
the flattening in the tail.
The energy dependence is shown in terms of the 
ratio R  of the central rapidity density versus p \  for 
K+p  collisions at 250 and 32 GeV/c in Fig. 17b.
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From this figure it can be seen that the largest part of 
the central-plateau increase in Fig. 6 originates from 
the small p£ region. The ratio R  gets close to unity 
at p%, = 0.5 (GeV/c)2, but increases again for higher 
p \  values. Lund fails to account for the rise at small 
p? . In FRITIOF, on the other hand, the onset of hard 
parton scatters is far too strong between 32 and 250 
GeV/c.
6.2. The sea-gull
A distribution particularly sensitive to the onset of 
hard effects in lepton-hadron and e+e~ collisions has 
turned out to be the energy dependence of the average 
transverse momentum of particles produced around 
Feynman \ x f \  =  0.4.
The dependence of the average transverse momen­
tum on Feynman-æ has first been observed in hadron- 
hadron collisions at lower energies [32]. It has a 
characteristic shape resembling a “sea-gull” with its 
head lowered at xp  =  0 and its wings raised around
0.4. This “sea-gull effect” is also visible in 
[33] and lh [34, 35] collisions and qualitative
xF
e+e~
»
similarities between all three types of collision (hh1 lh 
and e+e “ ) at comparable energies have been observed 
[35,36].
In e+e~ annihilation, a dramatic rise with cms en­
ergy [33] has set in for one of the wings, as a conse­
quence of the onset of emission of a hard gluon by one 
of the two leading quarks. This rise is satisfactorily 
reproduced by a QCD model of independent quark 
fragmentation [37] and by a string model [38] when 
hard processes are included. For e+e~ annihilation, 
these processes become significant at an energy of 
about 10 GeV and lead to a rise of (pj) by a factor of 
two from 14 to 22 GeV.
Neutrino experiments [34] have shown that already 
at hadronic masses W  < 10 GeV, the sea-gull is lift­
ing its “current fragmentation wing” with increasing 
W . The EMC collaboration [35] has increased the W  
range up to 20 GeV and shown that in terms of LUND 
fragmentation, this effect can be reproduced only if 
gluon radiation is included.
The point is, that a rise of the sea-gull wings is also 
observed in hadron-hadron collisions at comparable
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energy. As in lepton-hadron collisions, the rise may 
have set in at lower energies [39, 40], but is now 
clearly visible in K+p  collisions from 12.7 to 250 
GeV/c (y/S «  5 -  22 GeV) in Fig. 18a [41].
In Fig. 18b, the combined non-single-diffractive 
K+p  and ir+p data are compared to e+e~ results 
at yfs — 22 and 14 GeV and to pp  results at 
10 < W  < 20 GeV in terms of {p?)thrust* the av­
erage of the square of the particle pr  with respect 
to the thrust axis. In the hh  data, the wings of the 
sea-gull distribution are significantly lower than the 
(folded) wings from e+e~ at the same energy, but 
higher than those from fip collisions with hadronic 
energy 10 <  W  < 20 GeV. The meson fragmentation 
wing at 22 GeV is consistent with the folded e+e'' 
wings at 14 GeV.
From Fig. 18a and b we, therefore, conclude that 
a rise of the sea-gull wings with cms energy is also 
observed for hh collisions, but the rise is less dramatic
than in e+e~ annihilation. For \ip collisions, part 
of this difference can be explained by heavy quark 
fragmentation contributing in e+e“ , but not in hh 
collisions. Furthermore, the hadronic energy (^/s or 
W )  has to be shared by more quarks in lh and hh 
collisions than in e+ e“ collisions.
In Fig. 18c, the combined non-diffractive K+p  and 
■K+p data are compared to the predictions from the 
single chain Lund (full line), the two-chain FRITIOF 
(dashed) and Dual Parton (DPM) (dot-dashed) mod­
els. In all models, the same “standard” values for 
the string fragmentation parameters are used. In par­
ticular, primordial transverse momentum &?= 0 is as­
sumed. The same “non-(single)-diffractive” cut is 
applied to the models as to the data. In the standard 
version, neither model fits the NA22 data. Simple 
changes like fragmentation pr  or primordial do 
not help. This is in agreement with a recent study of 
the NA23 Collaboration [42], where a ^ = 0 .4  GeV/c
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needed to reproduce the overall pr  distribution, can 
be seen to overestimate the sea-gull already in the 
intermediate \xp\ region (0.1 < \xF \ < 0.4).
7. MULTIPLICITY DISTRIBUTIONS AND MO­
MENTS
7.1. Average multiplicities
The average multiplicity (n) of charged hadrons 
produced in Pp  collisions is plotted in Fig. 19a as 
a function of the squared hadronic energy W 2 [43]. 
One can discuss about small systematic differences
between the three experiments, but one cannot deny 
the success of the fit represented by the full line. How­
ever, the fit is a fit of the non-diffractive 7r~p data at 
correspondingcms energy [44]! So, (n)pp — { n ) ^ p.
Similarly, (n) is given as a function of the cms 
energy y/s for annihilation [45] in Fig. 19b. 
Since no proton-fragmentation is involved in e+ e“ 
and protons fragment differently from mesons, proton 
fragmentation has to be removed from the hadronic 
counterpart, here. This can be done by using
(n) (n)x+p +  («) (n)PP (3)
Indeed, a fit through the right hand combination 
of non-diffractive hadronic multiplicities [44] repro­
duces the e+e” data.
7.2. The shape of the multiplicity distribution
The main question to be answered already by the 
shape of the multiplicity distribution is whether par­
ticles are emitted independently or whether they are 
correlated. By definition, independent emission is ex­
pected to follow a Poisson distribution. Positive cor­
relation in particle production will increase high mul­
tiplicities and, therefore, make the distribution wider, 
while negative correlation (e.g. due to dominance of 
conservation laws) will make it narrower than Pois­
son.
A distribution only slightly more complicated than 
the Poisson, but containing it as a special case, is the 
negative binomial
P»(a, k) n  +  h — 1 n /k
n
(1 + « /* )" *  (4)
n 1 4- n / k
with average n and a second parameter 1 /k describing 
the deviation from the Poisson shape and related to the 
dispersion D by
=:\2(.D / n ) î / n  +  1/ k  . (5)
Indeed, good description of the data by the negative 
binomial with, in general, positive deviations (1 /k  > 
0) was first observed in UA5 [46], both for full phase 
space and for central rapidity intervals |y| < ycut• 
Even though deviations from a strict negative binomial 
were soon discovered by NA22 [48], UA5 [46] itself 
and at LEP [53], the negative binomial turned out a 
good description of the global shape of multiplicity 
distributions in hadron-hadron [46, 48, 49, 51, 52],
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and full phase space, plotted in KNO form. The histograms show the best fit negative binomials. b)c) The negative 
binomial parameters n and 1/k  determined for the multiplicity distributions of all chared, negative and positive 
particles as a function of ycut [48],
not too high energy e+e~ [47] and lepton hadron [50] 
collisions.
A large number of possible physical interpretations 
have been given for negative binomials (or other re­
lated) distributions. In general, the interpretations 
can be classified [54] as being of (partial) stimulated 
emission or of cascading type. In the first case, 1/k 
is the average fraction of particles already present that 
stimulate the emission of an additional particle (e.g. 
Bose-Einstein interference). In the second, 1/k  is a 
measure of aggregation.
If the correlation is due to Bose-Einstein type stim­
ulated emission, the effect should be enhanced when 
restricting the analysis to particles of the same charge 
(as can readily be done in a bubble chamber). The
results from the negative binomial fits obtained for all 
charged particles (Fig. 20a) as well as for negatives 
and positives taken separately are displayed as a func­
tion of ycut in Fig. 20b,c, for non-single-diffractive 
-K+p collisions at 250 GeV/c [48]. Except for the 
highest ycut point for positives (dominated by con­
servation laws) 1/k  is positive, but decreases with 
increasing rapidity range. In the region ycut < 2, 
the 1/k values for positives and negatives are com­
patible with each other, but a factor two smaller than 
those for all charged particles. So, not Bose-Einstein 
correlation but cascading must be the origin of this 
correlation.
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7.3. The energy dependence
In connection with the negative binomial shape 
it is important to note that, according to 
Feynman scaling [10], it should be the normalized 
factorial moments
F,
(n(n — 1 ) . . .  (n — g +  1))
<7l)S
k(k + 1 ) . . .  (fc +  q — 1)
(6)
(7)
which are expected to be constant and the normalized 
moments Cq =  {nq)/{n )q (commonly used to study
so-called KNO scaling [55]) only in the approximation 
(n) «  n q. Furthermore, contrary to the Cqi the 
Fq (and h) tend to finite limits as n  —► 0 and therefore 
provide a better measure of the shape of a multipicity 
distribution at small n.
In Fig. 21a, D 2/(n )2 a l l / n  +  1 /Ä:
is shown (update of [46]) as a function of In for 
hadronic and e+e~ data, together with its contribu­
tions l / n  and 1 /k . For 1/k  a linear increase is 
observed with increasing v's, in disagreement with 
Feynman/KNO scaling. The figure also tells us why 
the wrong answer was deduced from low statistics 
experiments at FNAL and ISR energies. At these
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energies D 2/ ( n ) 2 has a broad minimum due to the 
cross-over of its two terms!
In Fig. 21 b) and c) a compilation (update of [56]) 
of the parameter 1/k  is given as a function of In yjs 
for hh, lh and e+e" collisions and extrapolated to 
future accelerators. At given <>/?, the value of 1/k 
(the particle aggregation) is lower for e+e~ and lh
than for hh collisions. However, in all cases, 1/k  
increases with increasing energy and the increase is 
quite similar, at least up to the highest e+e" and pp 
energies reached so far.
7.4. The models
The predictions from LUND, DPM and FRITIOF 
are compared to the charged particle multiplicity dis­
tribution for tr+p at 250 GeV/c [48] in Fig. 22. The 
single-chain version LUND is definitely too narrow, 
even though it does contain some degree of cascading 
via resonance decay. The two-chain models do much 
better, but still do not contain enough aggregation. In 
later versions of FRITIOF attempts have been made to 
improve on that, but still not completely successfully.
We conclude from this section, that
i) the average multiplicities are the same for lepton- 
proton and meson-proton collisions, as well as for 
e+e~ and the proper proton-free combination of 
meson-proton collisions,
ii) the shape is wider than Poisson (at high enough 
energies), in particular in the central region, and ap­
proximately follows a negative binomial,
iii) in disagreement with Feynman/KNO scaling the 
parameter 1/k  increases with increasing >/J,
iv) low-pr models do not reproduce the large width 
(aggregation 1 /k )  of the hadronic data.
8. TWO-PARTICLE CORRELATIONS 
8.1. Rapidity correlations
The two-particle rapidity correlation function is of
the form
C’a 6 ( 2/1,3/2 ) =  p f i v u y s )  ~  f P Î M p l i V i ) (8)
with
p i ( y i )
1 dcra
; p f i y u y * )
tn el dy i
1 d<rab
Cinei d y id y i
•(9)
Here, yi and y2 arethec.m. rapidities, <rinei theinelas- 
tic cross section and a, b represent particle properties, 
e.g. charge.
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Figure 22. Charged particle multiplicity distribution 
for x+p at 250 GeV/c, compared to LUND (dashed), 
DPM (full), FRITIOF (dot-dashed) [48],
The normalization conditions are:
ƒ  Pl{vi)dyi =  (na) ,
JJ  P?(Vu V2)dyidy2 =  (na(nb Sab)) , ( 10)
C^b(yl , y 2)dy1dy2= (n a(nb- S ab) ) - f ( n a)(nl )(.U)
where 6ah =  0 for the case when a and b are particles 
of different species and Sah = 1 for identical par-
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tides, and n a and n& are the corresponding particle 
multiplicities.
Most experiments use ƒ =  1, so that the integral 
over the correlation function (equal to the ratio n 2/k  
of the negative binomial parameters) vanishes for the 
case of a Poissonian multiplicity distribution. Other 
experiments use ƒ =  (n a(n& — <5a*))/ (na)(nb) to 
obtain a vanishing integral also for a non-Poissonian 
multiplicity distribution.
To be able to compare to the various experiments, 
we use both definitions and denote the correlation 
function C f ( y l t y2) when ƒ =  1 and C'2ah(yu y2) 
when following the second definition. We, further­
more, use a reduced form,
C 2°*(2/i> to) =  C'2ab(Vl, y2)/ (na{nt -  Sab)). (12)
The corresponding normalized correlation function
-frf6(2/1 >2/2) =  C%b(yi , 1/2) / pi(yi)p i  (2/2) is more ap- 
propriate than C2 itself when comparisons have to be
performed at different average multiplicity and is less 
sensitive to acceptance problems.
The correlation functions defined above, contain the 
pseudo-correlation due to the summation of events 
with different charge multiplicity n. We write the 
correlation function as C2(yu  y2) =  C s{yuV 2 ) +  
C l{ v i»2/2)1 where the value of Cx(yx,y2) is de­
termined by the differences between pi{y) and the
semi-inclusive densities / ^ ( y ) .  Then C s(yxi y2) is 
connected to other correlation mechanisms and deter­
mined by the expression
c s {  2 /1 , y 2 )  =  J 2  p ^ i n ) ( y i . » )  (13)
n
with Pn =  <rn /a inei and the two-particle corre­
lation function for multiplicity n.
Impressive early results from the FNAL 30" cham­
ber are reported in [1]. They have led to the conclusion 
that
i) correlations are strong and
ii) depend on the charge combination.
Recently, a comparison [57] of particle production
in meson-proton and e+e“ collisions has shown strik­
ing similarity (Fig. 23). The same follows from an 
extrapolation of the pp correlation function to 22 GeV.
For the case of e+e"” and p+p the LUND type 
Monte Carlo models, in general, reproduce the cor­
relation reasonably well. In [58] it is demonstrated
y2
Figure 23. Normalized correlation function 
^ 2 ° (2/1 » 3/2) at — l < y i <  0 in the non-single-diffrac- 
tive meson-proton sample at ^ß -2 2  GeV compared 
to e+e” -annihilation at 14 GeV [57].
that this is mainly due to the inclusion of hard and 
soft gluon effects. In [58] it is further shown that 
the single-chain low-pr LUND model has to be aban­
doned because of the strongly negative correlation. 
The two-chain DPM is better, but remains far too 
low. In Fig. 24a, the two-string DPM and FRITIOF 
are shown to fail on meson-proton data at y/s=22 
GeV [57], for all three charge combinations, while the 
multi-chain QGSM has enough correlation. This is 
important, since one definitely did not expect much 
multi-chain contribution at this relatively low energy. 
However, also QGSM cannot reproduce the sharp 
peak at y2 = 0 on the negative background observed 
for the short-range component in Fig. 24b, in particu­
lar for the (— ) combination.
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8.2, Transverse momentum dependence
As already observed in [59] and recently studied in 
[57], the correlation function is very sensitive to the 
transverse momentum of the particles. The correla­
tion function is larger and more strongly peaked near 
1/2 =  0 for pr  <  °*3 GeV/c than for larger values, 
in particular for (— ) pairs. This effects is further 
enhanced at pr  < 0.15 GeV/c. This is important to 
remember in comparisons of data, since small pr  are 
accessible to a bubble chamber, but not to all counter 
experiments.
8*3* Azimuthal correlations
A two-particle correlation exists also in the az­
imuthal angle tp and is visible in the distribution
W ( A<f>) in the azimuthal angle between the two par­
ticles.
The first experiments to extensively study two- 
particle correlations as a function of both rapidity 
and azimuthal angular separation [60] already could 
show that the correlation at small rapidity distance is 
strongest when the two particles are produced in the 
same or opposite directions in the transverse plane.
A comparison to the single-chain LUND model and 
two-chain DPM for different charge and strangeness 
combinations in pp collisions at 360 GeV/c in [58] 
shows that the number of small A(p pairs is strongly 
underestimated by the single-chain and still too low 
in the two-chain model.
The azimuthal correlation has also been studied for 
cc pairs in DD  production in ir~p at 360 GeV/c [61]. 
Also there, the single chain model underestimates the 
number of small A tp pairs.
In Fig. 25, the distribution P7(A<p, Ay <  1) is 
shown as a function A<p for all charge combinations, 
for all pt  , as well as for pr  smaller and larger than 
average [57]. The distribution is influenced by 
conservation of transverse momentum (W  > l/^rat
all pT pr<0.30 GeV/c pT>0.30 GeV/c
n 0
A(p
Figure 25. W (A<£, Ay, p?) for inclusive non-single- 
diffractive 7T+p interactions at 250 GeV/c as compared 
to DPM (full line), FRITIOF (dot-dashed) and QGSM 
(dashed); allp t >Pt  < 0.30GeV/c,p r  > 0.30GeV/c 
[57].
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Figure 26. The (pseudo)-rapidity distribution of the JACHE event [64] and the NA22 event [66].
A(f > 7t/2)> by the decay of resonances and by Bose- 
Einstein correlations (W  > l / n  at small A ip).
Comparison by the model predictions shows diffi­
culties at small A (p for all three, even though the dis­
crepancies are the smallest for the multi-string model 
QGSM.
We conclude from this section that strong two par­
ticle correlations exist in hadron-hadron collisions, 
similar to those in e+e~ and lh collisions at the same 
hadronic energy. They are present in all charge combi­
nations and are particularly strong at low p r . Contrary 
to the e+e” and lh success, mainly due to hard and 
soft gluon effects, low pr  hadronic single and even 
two-chain models (strongly) underestimate the corre­
lation. Multi-chain can reproduce the magnitude of 
Ct, but not the sharp form of the short range correla­
tion C 5 .
The strong two-particle correlation in all three phase 
space variables suggests investigation of higher order 
correlations. Studies of 3 particle rapidity correla­
tions along the lines discussed in Sect.8.1 exist, but 
higher orders get exceedingly difficult, in particular in 
more variables. Other methods are needed and will 
be discussed in the next section.
9. DENSITY FLUCTUATIONS
9.1. Spike events
Early evidence for large concentrations of parti­
cles in small rapidity regions for single events was 
reported in cosmic ray experiments [62] and in pN  
collisions at 200 GeV/c beam momentum [63]. The 
interest boomed during the last decade after “spike" 
events were reported by JACEE [64], UA5 [65] and 
NA22 [66]. Fig. 26 shows the (pseudo)-rapidity dis­
tribution of the JACEE and NA22 events in resolution 
(binning) of 0.1 units. The JACEE event has local 
density fluctuations up to dn/dr\ «  300 with a signal- 
to-background ratio of about 1:1. The NA22 event 
contains a spike of dn/dy  = 100, corresponding to 
60 times ihe average density in this experiment. UA5 
has reported spikes up to dn/dr] =30 (10 times aver­
age) [65], but found these to be in agreement with a 
short-range cluster model.
9.2» The power-like scaling law
No doubt, events with large local density fluctua­
tions exist, but are these of dynamical or merely sta­
tistical origin, -  is the underlying probability density 
continuous or ’’intermittent"? To answer this ques­
tion, Bialas and Peschanski [67] suggested to measure 
the dependence of the normalized factorial moments
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Fq defined in (6) as a function of the resolution Sy. 
As proven in [67], a “smooth" (rapidity) distribution, 
which does not show any fluctuations except for the 
statistical ones, has the property, that Fq(öy) is in­
dependent of the resolution 6y in the limit Sy —> 0. 
On the other hand, if dynamical fluctuations exist and 
the underlying density is “intermittent1* (the fluctua­
tions are self-similar), the Fq(6y) follow the power 
like scaling law
Fq(6y) oc (Sy)~ ^  . (14)
The close connection between correlations (Sect. 8) 
and normalized factorial moments immediately offers 
the possibility to measure higher-order correlations 
with this method, at smaller distances than previously 
feasible even for the lowest order.
The method, originally suggested in terms of the 
(pseudo-) rapidity variable used in Fig. 26, was soon 
extended to three-dimensional phase space and to the 
squared difference of four momenta Q2 =  ~(pi  — 
P2)2 as a distance measure [68].
9,3, Experimental results
The suggestion that normalized factorial moments 
of particle multiplicity distributions in small phase 
space intervals may show power-law scaling behavior 
has spurred a vigorous experimental activity in e+e“ , 
HP, v A , hh, hA  and AA collisions. A recent review of 
the field is given in [69]. So, here we limit ourselves 
to the most recent results.
The advantages of a bubble chamber in this type of 
analysis, besides the visual verification of all particle 
tracks of an event like that in Fig. 26, are its unequaled 
two-track resolution at small phase-space distances, 
4tt acceptance of all tracks including those at very 
small p r , and good angular and momentum resolution 
in a hybrid set-up.
In Fig. 27 In-In plots are given for Fq(Q2) up to 
order q=5 in meson-proton collisions at 250 GeV/c 
beam momentum [70], both for all charged particles 
and for negatives (in the case of q=2 also for the (H— ) 
combination). An increase of J^(Q 2) with decreasing 
distance measure Q2 is observed, so non-statistical 
fluctuations indeed exist. The increase is approxi­
mately linear, in agreement with approximate scaling 
according to the power law (14).
An additional observation is important, since it 
points to a possible origin of the effect. For large Q2
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Figure 27. Fq(Q2) for orders q from 2 to 5 for all 
charged particles (full squares) and for negatives (open 
triangles) in x+p and K +p collisions at sfs =  22 GeV. 
For F2 (Q2) results are also given for the (H— ) charge 
combination [70].
(left side of scale), Fq(Q2) is smaller for negatives 
than for all charged particles (in agreement with the 
observation for correlations in Sect.8), but the slope 
<f>q is larger for negatives. At small Q2, the dominant 
contribution, therefore, is due to an identical-particle 
effect. Obviously, Bose-Einstein correlation is a typi­
cal candidate for the origin at small Q2. Very similar 
results are obtained by UA1 [71].
In Fig. 28, the NA22 results for F2 are plotted down 
to — ln Q2 =  5 (full circles) and compared to predic­
tions from FRITIOF. For the default (plain) version, 
without any Bose-Einstein interference (open circles), 
F2 is roughly constant, in agreement with absence of 
dynamical fluctuations. Adding Bose-Einstein inter-
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Figure 28. F2(Q2) for the all-charged, negatives, and unlike-charged samples in ir+p and K+p collisions at 
=  22 GeV (full circles), compared to the default (plain) version of FRITIOF (open circles), after including 
Bose-Einstein correlation (open triangles) and after adding Dalitz decay and 7 -conversion (open squares) to the 
latter [70].
Einstein interference (open triangles) leaves the ab­
solute values of Ft too low, but produces the correct 
slope (it in fact even overshoots considerably in the 
case of Fs, not shown here).
There is one problem, however. Conventionally, 
in Bose-Einstein interference studies, F2 (called R, 
there) is parametrized by a Gaussian or exponential 
in Q and not by a power law. In Fig.29, the Q2 
dependence of Fi in UA1 and NA22 is compared to 
the three alternatives. In both experiments, the data 
agree with the power law, but are above Gaussian, 
exponential or even double exponential at Q2 =  10~3 
GeV2 * It is interesting to note that this effect has been 
first observed in UA1, but submitted for publication 
only after careful cross examination by the bubble 
chamber experiment (NA22) on the scanning table, 
down to even much smaller Q2 values*
If the effect is real, it supports a view recently de­
veloped in [72]. There, intermittency at small Q2 is 
indeed explained from Bose-Einstein correlations be­
tween like-sign pions. A power law is obtained if the 
interaction region itself is assumed to be a self-similar 
object extending over a large volume. This condition 
would be realized if parton avalanches were to arrange 
themselves into self-organized critical states [73]. In 
such a scheme the fluctuations are viewed as a final 
state interaction effect and are therefore not smeared 
out in hadronization. Though quite speculative at this 
moment, it is an interesting new idea with possibly 
far-reaching implications.
We conclude from this section that dynamical den­
sity fluctuations of a self-similar type exist. For 
hadron-hadron collisions Bose-Einstein type interfer­
ence is responsible at small Q2, but proves the conven­
tional parametrizations of this effect oversimplified.
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Figure 29. F2(Q2) in differential form (called R  in 
B.E. analysis) forUAl [71] andNA22 [70], compared 
to power law (full line), exponential and double ex­
ponential in Q (dashed and dotted) and Gaussian in Q 
(dot-dashed).
10. CONCLUSIONS
Since detailed conclusions have been given at the 
end of each individual section, we can restrict our­
selves here to more general comments.
First of all, we have to state that there are a number 
of disadvantages to the use of bubble chambers in the 
study of high energy hadronic collisions.
One problem is the lever arm for momentum reso­
lution. Even big chambers are too small to keep Ap/p  
down to the 1-2% level needed for this type of anal­
ysis up to the beam momentum. This can, however, 
be achieved in a hybrid set-up, where a small rapid 
cycling chamber is combined with a long downstream 
spectrometer. Furthermore, particle identification is 
restricted to very small Lab momenta ( p l a b  <1-2 
GeV/c for p /tt  identification). So, also for this pur­
pose hybridization is needed.
The main problem, however, is they are slow, both 
with respect to data taking as with respect to data 
reconstruction. While the first problem could be par­
tially overcome by a factor 10-100 increase in the rate 
by the rapid cycling chambers (and furthermore al­
lows all events to be recorded), the need for scanning 
and measuring is labour intensive and delays physics 
analysis by years with respect to data taking. Even 
then, typically only large cross section phenomena 
can be studied. By definition, these are, however, the 
larger part of the interactions and we have seen on 
the example of the NA22 spike event that even one 
single bubble chamber event (in some 150 000) can 
have consequences, even in hadronic collisions.
The advantages of a bubble chamber for this 
type of analysis are its 4r  hermeticity and maxi­
mum particle detection efficiency, its unbeatable two- 
particle resolution (by apparent track ionization if 
completely super-imposed), its full low-pr accep­
tance, and, above all, that you can see what you buy.
As we have seen in this report, these advantages 
and the fact that all events are available on the data 
tapes allow a bubble chamber experimenter to play 
his data as one plays an organ. He can move around 
in multi-dimensional phase space as a virtual reality 
and can cover topics from simple elastic scattering 
(Sect. 2) to the most complicated density fluctuations 
of high order (Sect. 9) and can look around for the 
unexpected. This can be done in close collaboration 
with theorists, but rather a couple of steps ahead of
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them, than just measuring one or two parameters he 
may be told to measure by them.
One is after the unexpected in this type of analysis, 
not always in terms of big discoveries, rather in terms 
of details. In our examples, the unexpected is that 
the partonic structure of hadrons seems to play a role, 
even at the small virtualities in question. A lot of 
detailed data are available and shortcomings of the 
present low-p? models are clearly demonstrated, as a 
challenge for future ones. They will have to explain.
I think that is why 40 years after the construction of 
the first chamber, at least one of the experiments is still 
in full activity on the analysis of their hadronic colli­
sion data, with a high publication and a high citation 
rate.
Nevertheless, I would not expect anyone to propose 
a further bubble chamber experiment on this topic in 
the future. The main disadvantage for a bubble cham­
ber is that we all have learned from its advantages. 
This report was not on bubble chamber results in iso­
lation. We were able to compare to e+ e*~, pp  and high 
energy pp results in a continuous interplay. Many of 
us have set up or joined counter experiments and have 
learned to run these detectors as all-purpose detectors, 
as we have run bubble chambers, only fasten So, the 
spirit remains,
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